Superluminous supernovae have been proposed to arise from Population III progenitors that explode as pair-instability supernovae. Pop III stars are the first generation of stars in the Universe, and are thought to form as late as z ∼ 6. Future near-infrared imaging facilities such as ULTIMATE-Subaru can potentially detect and identify these PISNe with a dedicated survey. Gravitational lensing by intervening structure in the Universe can aid in the detection of these rare objects by magnifying the high-z source population into detectability. We perform a mock survey with ULTIMATE-Subaru, taking into account lensing by line-of-sight structure to evaluate its impact on the predicted detection rate. We compare a LOS mass reconstruction using observational data from the Hyper Suprime Cam survey to results from cosmological simulations to test their consistency in calculating the magnification distribution in the Universe to high-z, but find that the data-based method is still limited by an inability to accurately characterize structure beyond z ∼ 1.2. We also evaluate a survey strategy of targeting massive galaxy clusters to take advantage of their large areas of high magnification. We find that targeting clusters can result in a gain of a factor of ∼two in the predicted number of detected PISNe at z > 5, and even higher gains with increasing redshift, given our assumed survey parameters. For the highest-redshift sources at z ∼ 7 − 9, blank field surveys will not detect any sources, and lensing magnification by massive clusters will be necessary to observe this population.
Introduction
Recent optical transient surveys have uncovered a population of supernovae (SNe) that are extremely luminous. These superluminous supernovae (SLSNe; e.g., Quimby et al. 2011; Gal-Yam 2012) are often more than 10 times brighter than ordinary SNe. Various theoretical models have been proposed to explain the extreme luminosities of these objects (see Moriya et al. 2018 for a review). One such proposed explanation is that the brightness of SLSNe is due to the production of large quantities of radioactive 56 Ni in a "pair instability" supernova (PISN; e.g., Smith et al. 2007; Gal-Yam et al. 2009 ), the explosion of a very massive star with a helium core between 70 M⊙ < ∼ M < ∼ 140 M⊙ (Heger & Woosley 2002) . Stars with such a high core mass are thought to present at metallicities lower than one third of solar in order to keep their mass long enough to explode as PISNe (Langer et al. 2007 ).
The most promising candidate progenitors of PISNe are Population III (Pop III) stars, which are the first generation of stars in the Universe. Due to their low metallicity, they do not suffer from wind mass loss and can grow cores massive enough to explode as PISNe. Pop III stars are thought to form as late as z ∼ 6 (e.g., de Souza et al. 2014) . Previous studies have attempted to estimate the detectability of high-redshift PISNe resulting from the explosions of these stars in upcoming imaging surveys such as Euclid (Laureijs et al. 2011 ) and the Wide Field Infrared Survey Telescope (WFIRST).
Gravitational lensing by intervening structure along the line of sight (LOS) to SNe can potentially aid in the detectability of such events due to lensing magnification (e.g., Quimby et al. 2014) . Past studies (e.g., Tanaka et al. 2012; Tanaka et al. 2013; Whalen et al. 2013 ) have generally ignored this effect. The distribution of magnifications in the Universe has typically been calculated from cosmological simulations (e.g., Hilbert et al. 2007; Hilbert et al. 2008; Lima et al. 2010; Takahashi et al. 2011; Castro et al. 2018) . Kronborg et al. (2010) calculated magnifications along specific lines of sight to z ∼ 1 type Ia SNe, normalized by the median to random lines of sight in the Supernova Legacy Survey (SNLS), but reconstructing the magnification distribution using observational data has generally not been widely attempted (although see Sakakibara et al. 2019) , particularly to high redshifts. With the current state-of-the-art wide-area imaging surveys, these type of reconstructions may be more feasible than they were with past datasets.
In this paper, along with a companion paper (Moriya et al. 2019 ; hereafter M19), we estimate how many z > ∼ 5 PISNe could be detected in future surveys by performing mock observations with two upcoming facilities: the Ultra-wide Laser Tomographic Imager and MOS with AO for Transcendent Exploration by Subaru Telescope (ULTIMATE-Subaru), and WFIRST. We account for the influence of lensing by intervening structure, as well as investigate the benefits of a survey strategy that targets massive clusters to take advantage of their gravitational lensing properties. In M19, we focus on survey strategy and observational methods to maximize the number of highz PISNe candidates found with these upcoming facilities. In this paper, we describe the details of our lensing calculations, including a comparison between magnification distributions derived from observational data and simulations, which will inform future studies using lensing magnification to study faint, rare phenomena. We focus on one particular survey strategy with ULTIMATE-Subaru in this paper, as its field of view is better suited to a direct comparison of a blank field survey and a cluster survey, and refer the reader to M19 for expanded results for WFIRST and different survey strategies. This paper is organized as follows. We describe the optical imaging data and the cosmological simulations used in this study in Section 2. We describe a mock survey with ULTIMATE-Subaru to estimate the detectability of highredshift PISNe accounting for lensing effects in Section 3. In Section 4, we describe our method for determining the magnification distribution in the universe from the observational data in order to compare with the distribution from cosmological simulations. We also explore a strategy of targeting massive clusters to exploit their large areas of high magnification. We present our main results in Section 5 and summarize our conclusions in Section 6. Throughout this paper, we assume Ωm = 0.3, ΩΛ = 0.7, and h = 0.7. All magnitudes given are on the AB system.
Data

Hyper Suprime-Cam Imaging Data
The Hyper Suprime-Cam Subaru Strategic Program (HSC SSP; Aihara et al. 2018 ) is an ongoing imaging survey with the Hyper Suprime-Cam (HSC; Miyazaki et al. 2012; Miyazaki et al. 2018; Furusawa et al. 2018; Kawanomoto et al. 2018; Komiyama et al. 2018) on the Subaru Telescope. The depth and image quality of the HSC SSP makes it an idea dataset with which to attempt to reconstruct the magnification distribution along the LOS to high-z sources. The Wide component of the HSC SSP will observe a ∼ 1400 deg 2 area in the grizy bands to a depth of i = 26.2. The data used in this study come from Data Release 2 (hereafter DR2) of the HSC SSP, which includes data taken through the S17A semester covering 776 deg 2 in all bands, including 289 deg 2 to the full depth. The median i-band seeing of the data is ∼ 0. ′′ 6. The data are reduced with hscPipe version 5.4.0 , which is based on the Large Synoptic Survey Telescope (LSST) pipeline (Axelrod et al. 2010; Jurić et al. 2015) .
The galaxy magnitudes used in this analysis are cModel magnitudes, which are measured by fitting galaxy models convolved with the point spread function (PSF) to the light profile of the object (Abazajian et al. 2004) . Photometric redshifts and stellar masses are determined using the mizuki algorithm (Tanaka 2015) . A description of its application to the HSC SSP data is presented in Tanaka et al. (2018) . The robustness of the photometric redshifts is a function of galaxy redshift and brightness, and are quantified in terms of ∆z/(1 + z ref ), where ∆z ≡ |z − z ref | and z ref is a reference redshift. We only use galaxies that are brighter than i = 24 and that have a photometric redshift of 0.2 ≤ z ≤ 1.2, as the photo-z accuracy drops off substantially beyond these limits. We require that all galaxies are observed in all five HSC bands, even if not to the full depth, as this affects the photometric redshift accuracy.
CAMIRA Cluster Catalog
We account for group and cluster halos in the HSC SSP data using the catalog of Oguri et al. (2018) , which uses the CAMIRA algorithm (Oguri 2014) to select halos based on a multiband identification of red sequence galaxies. CAMIRA also estimates a richness (defined as the number of red member galaxies with stellar masses M * > ∼ 10 10.2 M⊙ and projected within R < ∼ 1 h −1 Mpc) and a photometric redshift for each halo. We use an expanded version of the DR2 catalog that includes 13876 groups and clusters with richness > 10 and photometric redshifts ranging from 0.1 < z < 1.4. In cases where the brightest cluster galaxy (BCG) has a measured spectroscopic redshift, we take that value to be the cluster redshift.
Cosmological Simulations
We use the results of ray tracing calculations through the Millennium simulation (Springel et al. 2005) to calculate the magnification distribution in the Universe and to compare to the results based on the observational HSC data. The details of these calculations are described in Hilbert et al. (2007) , Hilbert et al. (2008) (2008) for a variety of source redshifts ranging from zS ∼ 1 to zS ∼ 9. The simulations include both dark matter and baryons. In the case of multiple imaging, the magnification of the brightest image is used.
redshift slices whose matter content is projected onto lens planes. In addition to the simulation particles, assumed to represent the dark matter and gas, the stellar mass in galaxies as predicted by semi-analytic models of galaxy formation (De Lucia & Blaizot 2007 ) is represented by analytic mass profiles. For each light cone, 4096 2 light rays are traced back from the observer through the 30 (for redshifts z ∼ 2) to 50 (for z ∼ 10) lens planes, and the resulting magnification values are used to estimate the magnification distribution as a function of source redshift. Figure 1 shows the magnification distributions determined from these simulations for source redshifts ranging from zS ∼ 1 to zS ∼ 9.
Detectability of Supernovae
Mock Survey with ULTIMATE-Subaru
We set up a mock transient survey with ULTIMATESubaru to evaluate the detectability of high-z PISNe, accounting for lensing magnification. ULTIMATE-Subaru is an upcoming wide-field adaptive optics system with a NIR instrument currently planned to have a field of view of 14 ′ × 14 ′ . The details of the instrument have not been finalized, but it is expected that the reddest filter available will be the K-band. For our calculations, we assume the K-band filter and throughput of the Multi-Object Infrared Camera and Spectrograph (MOIRCS; Ichikawa et al. 2006; Suzuki et al. 2008) on Subaru, as it is likely to be close to similar ULTIMATE-Subaru observations.
We assume standard seeing conditions of 0.2 ′′ within a 0.3 ′′ aperture.
Our mock 5-year survey assumes an observing interval of tint = 180 days, which works well to find Pop III PISNe at z > ∼ 6. We set a minimum number of detections N d = 2 for a transient to be considered a discovery. We assume a total survey area of 1 deg 2 , which would require ∼ 18 pointings of ULTIMATE-Subaru centered on clusters with average magnification properties similar to the clusters we use in our calculations (Section 4.2). We perform calculations for survey depths of K = 26.0 and K = 26.5 mag (adopting a signal-to-noise ratio of 5), and for source redshifts ranging from z > 5 to z > 9. With these assumed observing parameters, our mock survey would require 480 hours and 860 hours of exposure time, respectively, over the five year period to obtain depths of K = 26.0 and K = 26.5. In M19, we also discuss alternative survey strategies with ULTIMATE-Subaru and WFIRST that have a larger survey area, shorter tint, or higher N d , so we refer the reader to that work for expanded results.
PISN Properties
The details of our assumed PISN properties are presented in M19, but we provide a brief summary here. We adopt PISN light curves predicted by Kasen et al. (2011) , which are numerically obtained from the PISN progenitors of Heger & Woosley (2002) . The peak luminosity of the R250 model exceeds K = 26.0 mag at z = 6, while the R225 model is brighter than K = 26.5 mag at z = 6. Thus, the R225 explosions at z > ∼ 6 can only be observed when we conduct the transient surveys with a limiting magnitude of 26.5 mag in the K-band. The R225 and R250 models have red supergiant (RSG) progenitors. There are other models that have hydrogen-free PISN progenitors, but it is not obvious from which zero-age main sequence (ZAMS) masses these bare helium core progenitors originate. Therefore, we perform mock observations only considering Pop III RSG PISNe progenitors.
We adopt a PISN rate estimated by de Souza et al. (2014) , which is based on the cosmological simulation of Johnson et al. (2013) . We take the Pop III PISNe rates from their SFR10 model, which has a relatively high SFR prediction compared to others. Cosmological simulations of the first stars indicate that the initial mass function (IMF) of Pop III stars is close to flat (Hirano et al. 2015) , so we assume a flat IMF for our calculations, although M19 also show results for an alternative IMF.
Lensing Calculations and Mass Models
Magnification by LOS Structure
To estimate the distribution of magnifications in the Universe, we generate mass distributions in random fields from the HSC SSP. The fields are chosen by randomly selecting 12 ′ × 12 ′ patches from the survey catalog, then selecting random coordinates within that patch. The random fields are circular apertures with a radius of 120 ′′ .
There are gaps within the survey region due to chip gaps, bright star masks, etc., which can bias our results. To mitigate this effect, we use the HSC SSP random point catalog (Coupon et al. 2018) , which contains randomly sampled points in the survey region that are flagged in the same way as the objects. The random points are drawn with a density of 100 points per arcmin 2 . We remove fields that contain ≤ 95% of the number of points expected from a completely unmasked field to ensure that masking is not a significant issue. Our final sample comprises 9219 fields from the HSC SSP.
Within each field, we assign mass to galaxies. The photometric redshifts from mizuki are accurate between 0.2 < ∼ z < ∼ 1.2 (Tanaka et al. 2018 ), so we ignore galaxies outside of this redshift range. At z ≤ 0.2, there is relatively little volume, so we expect this to be a small effect. Excluding galaxies at z ≥ 1.2 may result in neglecting a non-trivial amount of matter to high source redshifts, so we compare our calculation to results from cosmological simulations (Section 2.3) to determine whether this is valid. We assume the galaxies are located at their best-fit photometric redshift as determined by mizuki. We neglect photometric redshift uncertainty, as it is subdominant to the uncertainty in the stellar masses. We remove galaxies with best-fit stellar masses M * ≤ 10 8 M⊙, as these galaxies are generally faint and difficult to characterize accurately.
We assign mass to galaxies by taking their best-fit stellar mass from the HSC catalog and calculating their halo mass using the stellar mass-halo mass relation (SHMR) of Leauthaud et al. (2012) . Uncertainty in the stellar mass measurements are accounted for by drawing a halo mass from a Gaussian distribution with a width equal to the geometric mean of the 16% and 84% quantiles. Scatter in the SHMR is accounted for in a similar way. Due to the steepness of the SHMR at the high-stellar mass end, we set an upper limit of M h = 10 13.5 M⊙ to prevent unphysically large halos from being assigned to individual galaxies. The galaxies are assumed to be singular isothermal spheres (SIS) with a truncation radius of r200m, at which the mean density inside a sphere of that radius centered on the galaxy is 200 times the mean matter density of the universe at the galaxy's redshift.
Group and cluster halos identified in the survey are included as spherical NFW (Navarro et al. 1997) halos. Since their influence can extend over greater projected distances, we include these larger halos if they are within 300 ′′ of a field center. We do not account for uncertainty in the group and cluster photometric redshifts from the CAMIRA algorithm, as these effects on the global magnification distribution should wash out over a large number of random fields. The halo masses are estimated from their richness , and the halo concentration is calculated using the results of simulations by Zhao et al. (2009) .
We calculate the magnification at the center of each field for a range of source redshifts using an updated version of the gravlens software (Keeton 2001) , which assumes that all of the mass in the structures we include explicitly are added to a line of sight containing a smooth matter distribution equal to the mean density in the Universe. The mean magnification in the universe must be unity in order to conserve flux, so we shift these uncorrected magnifications, µ ′ , by an amount µc such that µ ′ − µc = 1.
We then calculate the distribution of true magnifications, µ = µ ′ − µc, weighted by (µ ′ − µc) −1 to get a uniform distribution of sources in the source plane.
To increase the speed of the calculations, we use the tidal approximation of McCully et al. (2014) for most of the galaxies in the field. All group and cluster halos are treated exactly, as are galaxies that are either projected within 60
′′ of the field center or are assigned a halo mass of M h ≥ 10 12 M⊙. We verify for a subset of fields that this approximation yields magnification results that are nearly identical with the results when all structures are explicitly included in the mass model.
Magnification by Massive Galaxy Clusters
In addition to evaluating the effect of lensing on a survey of random lines of sight, we also investigate a strategy of targeting massive clusters in order to take advantage of lensing magnification, which can potentially magnify highz SNe into detectability. An ideal survey to maximize the cross-section of intermediate-to-high magnification regions would target the most massive known galaxy clusters, or lines of sight with multiple massive structures (Wong et al. 2012; French et al. 2014 ).
To estimate the number of detections of high-z SNe with such a survey, we use existing models of seven known massive clusters to determine their magnification distributions for point sources at high redshift, then extrapolate these results to our mock survey (Section 3). We use the model of the massive cluster J0850+3604 (Wong et al. 2017) , as well as models of the six HST Frontier Fields (HFF; Lotz et al. 2017) clusters. This is somewhat optimistic, as these are already among the best lensing clusters that are known and that have been characterized. However, there may be other clusters with similarly good magnification properties that are unexplored (e.g., Wong et al. 2013) , and current and future wide-area imaging surveys such as HSC, LSST, and Euclid could potentially find and identify many more.
The mass model we use for J0850+3604 is the best-fit model from Wong et al. (2017) , while the HFF cluster models are taken from Kawamata et al. (2016) and Kawamata et al. (2018) using the glafic code (Oguri 2010) . Both methods use parameterized models account for both the cluster dark matter distribution and individual galaxies. We use single models without accounting for uncertainties, as the impact on the integrated magnification distribution for each cluster is small compared to the sample variance. We note that the J0850+3604 model accounts for line-of-sight structure while the HFF models do not, but we re-run the magnification calculation with only the mass at the redshift of the massive J0850+3604 cluster included and find that it has a negligible effect.
We assume a 14 ′ ×14 ′ field of view, which is roughly the expected field of view for ULTIMATE-Subaru. We calculate the source plane area as a function of magnification for each of the seven clusters and take the average, extrapolated to the full area of our mock survey, to calculate the expected number of detections. For regions of the source plane that are multiply-imaged, we take the magnification to be that of the brightest image, as that is the relevant quantity for detectability. Figure 2 shows the magnification distribution derived from the HSC SSP data compared with that derived from the simulations of Hilbert et al. (2008) . We show the distributions for source redshifts of zS = 1.1 and zS = 5.7 to match the Hilbert et al. (2008) study, and to highlight the limitations of the data.
Results
Comparison of LOS Magnification from Data vs. Simulations
The first result to note here is that the magnification distribution for zS = 1.1 based on HSC data is more narrow and peaks slightly higher than the distribution from simulations. Since this is within the redshift range where we are still accounting for galaxies and clusters, and the volume within z ≤ 0.2 is a small fraction of the total volume, this could arise from various effects in our characterization of the LOS mass distribution. One possibility is that there may be a systematic bias in the stellar mass determinations (2008) (dashed lines). In the case of multiple imaging, the magnification of the brightest image is used. The HSC magnification distribution at zS = 1.1 is more narrow than the distribution from the simulations. At zS = 5.7, the distribution from simulations is much broader and peaks at a lower magnification than that from observational data, suggesting that the matter distribution beyond z = 1.2 is an important contributor to the magnification distribution. We compare to the simulation results, only including matter up to z = 1.2 (dotted line), which moves the distributions closer.
or in the stellar-to-halo mass scaling. In particular, we find much closer agreement between the HSC calculation and the Hilbert et al. (2008) simulation results when arbitrarily scaling up the galaxy stellar masses, although the DR2 stellar masses from mizuki have been tested and are consistent with a training sample derived from a more extensive multi-band dataset (M. Tanaka, private communication). There may also be non-negligible effects from structures smaller than M * ≤ 10 8 M⊙. Although the HSC SSP represents the current best wide-field survey to characterize the mass distribution along individual lines of sight to significant depth, we caution that this method is still limited by systematic effects that need to be further explored, even for calculations at lower source redshifts. Another issue is that the distributions for zS = 5.7 significantly disagree. The distribution from simulations is much broader in comparison to the one derived from data, much more so than the zS = 1.1 results. This suggests that structure beyond z = 1.2, which is excluded from the HSC results, is an important contributor to the magnification distribution, which is not necessarily obvious because bound structures at higher redshift are generally less massive than those at lower redshift, and the lensing efficiency of matter beyond z ∼ 1 is continuously decreasing (regardless of source redshift) due to the increasing critical surface density for lensing. If we compare the results to those of simulations only including matter up to z = 1.2, the distributions become closer, but the observational results are still more narrow and peak at higher values, similar to the z = 1.1 results. This indicates that using observational data to constrain the magnification distribution to high redshifts, in addition to having potential systematic effects mentioned above, will likely be limited until we have the depth to perform an accurate reconstruction of the mass distribution out to the source redshift, as bound structures beyond z ∼ 1 are non-negligible and cannot be approximated by a uniform density LOS. Throughout the rest of this paper, we present results for lensing by LOS structure using the simulation results from Hilbert et al. (2008) .
Impact of Lensing by LOS Structure on
Detectability of High-z PISNe
In Table 1 , we show the predicted numbers of PISNe discovered in our mock survey across a range of redshifts ranging from z > 5 to z > 9. We first examine the case of a random field survey, both with and without lensing magnification by intervening structure. Comparing these two cases, we see that lensing does not make a meaningful difference in the expected number of detections, as the large majority of the source plane area has a magnification close the µ ∼ 1.
Boost from Lensing by Massive Clusters
We calculate the number of expected detections of PISNe for observations targeting each of the seven cluster models. Table 1 shows these numbers for each cluster, extrapolating the counts to the full 1 deg 2 of our mock survey. We also report the average over the clusters (again extrapolated to 1 deg 2 ), which should be more representative of what could be expected from a real survey of 18 different clusters with similar properties.
These results suggest that a survey targeting massive clusters can lead to significant gains in the numbers of detected PISNe, particularly at high source redshifts, as has been previously suggested (e.g., Tanaka et al. 2013; Whalen et al. 2013) . At z > 5, the gains can be a factor of ∼two or more, depending on the survey depth. For higher redshift sources, although the total number of detection decreases, the fractional gain provided by lensing clusters is larger, particularly at z > 7, where a random field survey is not expected to detect any sources. 
Conclusions
We have investigated the impact of gravitational lensing on the detectability of high-redshift (z > ∼ 5) pair-instability supernovae from future transient surveys, with a focus on the upcoming ULTIMATE-Subaru instrument. Using data from the HSC SSP, we have attempted to reconstruct the magnification distribution in the Universe from observational data. Despite the depth of the survey data, we are unable to accurately characterize the matter distribution beyond z = 1.2. This, along with other sources of uncertainty, leads to disagreements with the magnification distributions predicted from cosmological simulations.
Using the simulation results from Hilbert et al. (2008) , we set up a mock transient survey with ULTIMATESubaru to evaluate the impact of lensing by large scale structure on high-z PISNe. We find that for a survey of random fields, lensing has a negligible impact on the predicted number of detections. We also evaluate the benefits of a survey strategy that specifically targets massive galaxy clusters to take advantage of lensing magnification. Using published mass models of seven massive clusters, we calculate the predicted number of detections in these fields, taking the average as a reasonable prediction for a future survey of the most massive known clusters. This strategy can increase the number of detections by a factor of ∼two, increasing to higher source redshifts at which blank field surveys would not detect any sources.
In a companion paper, M19, we apply these methods to different survey strategies and WFIRST observations, with suggestions regarding survey strategy and follow-up confirmation. As new upcoming facilities such as ULTIMATESubaru and WFIRST come online, combining their observational power with the natural cosmic telescopes provided by gravitational lensing will allow us to observe the earliest phenomena from the first generation of stars.
